Neurogliaform (RELNϩ) and bipolar (VIPϩ) GABAergic interneurons of the mammalian cerebral cortex provide critical inhibition locally within the superficial layers. While these subtypes are known to originate from the embryonic caudal ganglionic eminence (CGE), the specific genetic programs that direct their positioning, maturation, and integration into the cortical network have not been elucidated. Here, we report that in mice expression of the transcription factor Prox1 is selectively maintained in postmitotic CGE-derived cortical interneuron precursors and that loss of Prox1 impairs the integration of these cells into superficial layers. Moreover, Prox1 differentially regulates the postnatal maturation of each specific subtype originating from the CGE (RELN, Calb2/VIP, and VIP). Interestingly, Prox1 promotes the maturation of CGE-derived interneuron subtypes through intrinsic differentiation programs that operate in tandem with extrinsically driven neuronal activity-dependent pathways. Thus Prox1 represents the first identified transcription factor specifically required for the embryonic and postnatal acquisition of CGE-derived cortical interneuron properties.
Introduction
Mammalian neocortical circuits are primarily comprised of two interconnected neuronal cell types: excitatory glutamatergic projection neurons with pyramidal morphologies and a smaller population of inhibitory GABAergic interneurons (ϳ20%), the majority of which project axons locally. GABAergic interneurons can be categorized into numerous diverse subtypes based on their morphology, connectivity, laminar position, molecular expression profile, and intrinsic firing properties (Kubota et al., 1994; Markram et al., 2004; Kubota et al., 2011; DeFelipe et al., 2013; Fino et al., 2013) . It is increasingly becoming evident that this diversity reflects specialized roles for each cortical interneuron subtype in shaping activity within the mature neuronal circuit (Buzsáki et al., 2007; Thomson and Lamy, 2007; Klausberger and Somogyi, 2008; Sohal et al., 2009; Isaacson and Scanziani, 2011; Krook-Magnuson et al., 2012; Kvitsiani et al., 2013; Larkum, 2013) . How then does this diversity develop, and what are the mechanisms by which different subtypes of interneurons become integrated into the cortical network?
Work from several research groups has determined the spatiotemporal embryonic origins of GABAergic interneuron diversity Wonders and Anderson, 2006; Batista-Brito and Fishell, 2009; Hernández-Miranda et al., 2010; Le Magueresse and Monyer, 2013; Miyoshi et al., 2013; Kessaris et al., 2014) . GABAergic cortical interneurons are not locally generated within the cortical germinal zones; instead they arise from the ventral telencephalon (Anderson et al., 1997) , in particular the medial and caudal ganglionic eminences (MGE and CGE; Wichterle et al., 2001; Nery et al., 2002; Xu et al., 2004; Butt et al., 2005; Flames et al., 2007; Fogarty et al., 2007; Miyoshi et al., 2007 Miyoshi et al., , 2010 Wonders et al., 2008; Rubin et al., 2010; Inan et al., 2012) as well as the preoptic area (POA; Gelman et al., 2011) . Cortical interneurons arising from the MGE and CGE give rise to nonoverlapping subtypes that occupy distinct layers of the developing neocortex (Nadarajah et al., 2002; Kriegstein and Noctor, 2004; Tanaka et al., 2006; Fogarty et al., 2007; Métin et al., 2007; Miyoshi et al., 2007 Ló pezBendito et al., 2008; Rubin et al., 2010; Sessa et al., 2010; Miyoshi and Fishell, 2011; . The MGE produces ϳ70% of the total GABAergic cortical interneuron population, specifically the PV (Pvalb, Parvalbumin) and SST (Sst, Somatostatin)-expressing classes, which, mirroring pyramidal neurons (Molyneaux et al., 2007; Leone et al., 2008; Rakic, 2009; Franco et al., 2011; Lui et al., 2011; Kwan et al., 2012; Franco and Müller, 2013; Gao et al., 2013) , integrate into the cortex in an inside-out pattern (Miller, 1985; Fairén et al., 1986; Miyoshi et al., 2007; Rymar and Sadikot, 2007) . In contrast, CGE-derived cortical interneurons comprise ϳ30% of the total interneuron pool, the vast majority of which express either RELN (Reln, Reelin) or VIP (Vip, vasoactive intestinal polypeptide), including a subclass that coexpresses CR (Calb2, Calretinin; Miyoshi et al., 2010) . Unlike MGE lineages, CGE-derived interneurons specifically populate the superficial layers regardless of their birthdate Miyoshi and Fishell, 2011) . Interestingly, the serotonin receptor Htr3A is selectively expressed in CGE-derived interneurons (Lee et al., 2010; Vucurovic et al., 2010) and regulates their embryonic migration (Murthy et al., 2014) . Thus there must exist distinct genetic programs that control both the migration and subtype specification of CGE-derived versus MGE-derived cortical interneurons (Kriegstein and Noctor, 2004; Hernández-Miranda et al., 2010; Tanaka and Nakajima, 2012; Kessaris et al., 2014) .
Here we report that expression of the homeodomain transcription factor Prox1 is selectively maintained in postmitotic CGE-derived GABAergic cortical interneurons during embryonic and postnatal time points and directs the migration and maturation programs of each CGE-derived cortical interneuron subtype.
Materials and Methods
In vivo mouse genetics. All animal handling and experiments were performed in accordance with protocols approved by local Institutional Animal Care and Use Committee of the NYU School of Medicine. The following genetic crosses were generated for our experiments. Total cortical GABAergic populations were visualized with Dlx5/6-Flpe; RCE:FRT . MGE-derived GABAergic populations were visualized with Lhx6BAC-Cre; Dlx5/6-Flpe; RCE:dual (Fogarty et al., 2007; Miyoshi et al., 2010) . In this cross, to exclude the labeling of blood vessels by the Lhx6BAC-Cre driver (repository stock #026555; The Jackson Laboratory), an intersectional strategy was used Dymecki and Kim, 2007) . The Dlx6a-Cre (Monory et al., 2006 ; repository stock number #008199; The Jackson Laboratory) and Vip-Cre ; repository stock number #010908; The Jackson Laboratory) drivers were used in our Prox1 loss-of-function studies. The Wnt3a-Cre driver (Yoshida et al., 2006; Gil-Sanz et al., 2013) was used to verify the Prox1 expression that occurs transiently within the CajalRetzius cells during embryogenesis (data not shown). Ai9 was used as a red-fluorescent protein (tdTomato) reporter line (repository stock number #007909; The Jackson Laboratory). The Htr3ABAC-Cre driver line was generated in a manner similar to the previously generated Htr3ABAC-EGFP line (Gong et al., 2003; Lee et al., 2010) and deposited into the GENSAT program. Briefly, the coding region of Cre was inserted into ϳ200 kb of the BAC fragment including the regulatory elements of Htr3A. Compound male Dlx6a-Cre; Prox1-F/ϩ (Harvey et al., 2005) mice were crossed with female Prox1-C:EGFP/C:EGFP mice (Iwano et al., 2012) to generate control (Dlx6a-Cre; Prox1-C:EGFP/ϩ) and Prox1 lossof-function (Dlx6a-Cre; Prox1-C:EGFP/F ) experimental animals. This breeding strategy was followed after we observed that the Dlx6a-Cre driver caused somatic recombination in the floxed Prox1 loss-offunction allele (Harvey et al., 2005) , most likely during the phase of germline transmission, when these two alleles existed together in females. Genotyping of the two conditional Prox1 alleles was performed as previously described (Harvey et al., 2005; Iwano et al., 2012) . In all of our Prox1 conditional loss-of-function experiments (Dlx6a-Cre, Htr3ABAC-Cre and Vip-Cre-mediated removal of Prox1), we did not observe any obvious difference between the controls and mutants regarding the size of the forebrain as well as the thickness of the cortical layers.
Microarray expression analysis. For the comparison of genes selectively expressed within CGE-derived versus MGE-derived interneuron precursors, we selectively labeled each population with EGFP in vivo through the use of Mash1BAC-CreER; RCE:loxP and Nkx2-1BAC-Cre; RCE:loxP (Xu et al., 2008; Sousa et al., 2009 ) compound transgenic animals, respectively. To generate labeled CGE-derived interneuron precursors within the cortex at E18.5, 4 mg of tamoxifen (in corn oil) was administered by oral gavage to the pregnant dam at E16.5 . Note that in both genetic labeling strategies, some oligodendrocyte precursors are labeled with EGFP in addition to GABAergic neuronal precursors (Kessaris et al., 2006) . By using the fluorescent dissection microscope (Olympus, MVX 10), embryos harboring green brains were selected, brains were dissected out in HBSS solution one by one, meninges were removed, and each pair of cortices was dissected out and stored in a tube with 200 l of HBSS solution and kept on ice until the dissection was complete for the entire litter. During this step, a small piece of the embryonic brainstem was also collected in numbered tubes for genotyping. Later, HBSS was removed and 20 l of DNase I (2000 U/ml in HBSS; Worthington) and 200 l of Papain (20 U/ml in HBSS; Worthington) solution were immediately added. By gentle pipetting (typically approximately 10 -15 times) with a 200 l filter tip pipette, cortices were broken into small pieces. After 20 min of incubation at 37°C, 750 l of 1% (v/v) normal horse serum (Gibco) in ice-cold HBSS and 75 l of DNase I (2000 U/ml in HBSS) were added. After gently inverting the tubes a couple of times, tubes were centrifuged for 3 min at 0.3 relative centrifugal force (rcf), the supernatant was discarded, 500 l of ice-cold HBSS (containing 5 l of DNase I) was added, and the cell pellet was resuspended by gentle pipetting using a 1000 l filter tip pipette. These cells were subjected to FACS (MoFlo; Beckman Coulter), and EGFP-positive cells were collected into numbered tubes containing 500 l of ice-cold HBSS. Cell numbers were typically between 10,000ϳ20,000 and 20,000ϳ30,000 cells per brain for CGE-derived and MGE-derived populations, respectively. These tubes were then centrifuged for 5 min at 0.3 rcf, supernatant was discarded, and tubes were snap frozen in liquid nitrogen and stored at Ϫ80°C until mRNA extraction and subsequent labeling. RNA extraction, labeling, and subsequent microarray expression analyses using Affymetrix Gene Chips (Mouse 430A.2, which contains 45,000 probe sets covering over 39,000 transcripts) were performed at the Genomic Core Laboratory at the Memorial Sloan Kettering Center. Analyses of the changes in gene expression profiles in the conditional Prox1 loss-of-function experiments were performed in a very similar manner by comparing the mRNA transcriptomes of the EGFP-labeled cells purified from the E18.5 cortices of control heterozygous and Prox1 loss-of-function animals (Dlx6a-Cre; Prox1-C:EGFP/ϩ and /F ).
The raw probe-level expression measurements were obtained from the Affymetrix CEL files. Analysis of microarray data was performed using Ingenuity iReport. Probe set intensities were summarized and normalized using RMA, and significant differential expression was determined by a moderated t test (LIMMA) using an FDR-adjusted p value cutoff (Q value) of 0.05 and a fold change cutoff of 1.5. For the gene expression comparison of CGE-derived versus MGE-derived interneurons, we acquired 723 significantly differentially expressed probe sets resulting in 567 genes with 382 CGE-enriched and 185 MGE-enriched genes (Tables  1 and 2 ). For the analysis of Prox1 loss-of-function, we acquired 93 probe sets resulting in 46 upregulated and 33 downregulated genes upon Prox1 loss-of-function. Since we analyzed three male and three female samples by chance for the comparison of control and Prox1 loss-of-function, respectively, we found several gender-specific genes with significant and large changes (Table 3) .
CGE cell transplantation into the postnatal cortex. CGE tissues were dissected out from control and Prox1 loss-of-function (Dlx6a-Cre; Prox1-C:EGFP/ϩ and /F ) mutants at E14.5 and cells were dissociated and stored in individual tubes on ice. These cell suspensions were prepared in a manner identical to that described above for FACS purification of cells in our microarray analysis. However, the procedure before the cell-sorting step was changed: the cell pellets were resuspended into 200 l of ice-cold NB/B27 tissue culture medium containing 5 l of DNase I, instead of HBSS solution. The dissociated CGE including EGFP-labeled cells was typically between 1500 and 3000 cells/l in a total of 200 l. Cell concentration was adjusted to ϳ5000 cells/l by removing the supernatant after centrifuging the tubes, and cells were kept on ice typically ϳ1-4 h before the subsequent transplantation step.
Cell transplantation into P3 pup cortices was performed following the protocol of the Anderson lab as previously described (Inan et al., 2012). Briefly, P3 pups were anesthetized on ice for 5 min and stabilized on a Styrofoam platform. Approximately 5 l of CGE cells was loaded into a capillary electrode prefilled with mineral oil and loaded into an oocyte nanoinjector (Drummond). Each pup received two injections bilaterally into the somatosensory cortex of each hemisphere at a location of 1 mm lateral to the midline and 1 and 2 mm rostral of the interaural line, at a depth of 1 mm. Each injection site consisted of ϳ60 mini injections of 69 nl of cell suspension (total of ϳ4 l). After injections, the pup was labeled and placed back in the nest, and analyses were performed at the age of P21. Tissue preparation and immunohistochemistry. Embryos were dissected out, and transcardiac perfusion was performed with cold 4% formaldehyde/PBS solution (w/v). Brain dissection was performed in PBS in a Petri dish, and brains were subsequently placed into 4% formaldehyde/ PBS solution on ice. Brains were postfixed according to the developmental stages (E14.5: 20 min, E16.5: 40 min, E18.5 onward: 60 min) and, following a brief rinse in PBS, were placed into cold 25% sucrose/PBS (w/v) solution for cryoprotection until they sunk to the bottom. Exceptions were E10.5 embryos: after peeling the thin skin layer of the head, the entire bodies were placed into 4% formaldehyde/PBS solution on ice for 20 min. Later brains or embryos were placed into OCT compound (Sakura Finetek) and kept at Ϫ80°C. Cryosections were prepared at 12 m thickness and collected on glass slides (Fisher), and, after ϳ1 h of drying, the sections were stored at Ϫ80°C. For the morphological analysis of Prox1 loss-of-function cells, 100 m cryosections were immediately placed into PBS solution and stored at 4°C until further analysis.
Immunohistochemistry was performed as previously described (Miyoshi and Fishell, 2012) . All incubations were performed in PBS containing 1.5% normal donkey serum (Jackson ImmunoResearch; v/v) and 0.1% Triton X-100 (v/v; DST solution). Sections were rinsed three times in PBS to remove the residual OCT, followed by nonspecific antibody (Jackson ImmunoResearch; 1:1000 dilutions) raised in donkey were chosen for visualizing the primary antibody staining. To visualize the cell nuclei and the laminar structure of the developing neocortex, DAPI (Sigma; 1 pg/l in PBS and filtered) was added on slides at the end of the immunohistochemistry procedure for 10 -15 min. Slides were rinsed a couple of times in PBS and then mounted in Fluoromount G (Southern Biotech). Fluorescent images were captured using a cooled-CCD camera (Princeton Scientific Instruments) using MetaMorph software (Universal Imaging). We FACS purified EGFP-labeled cells from the E18.5 cortices of control and Prox1 loss-of-function animals (Dlx6a-Cre; Prox1-C:EGFP/ϩ and /F) and subsequently performed a microarray expression analysis. Genes are shown upregulated and downregulated in cells lacking Prox1, respectively. Genes are shown for FDR-adjusted p -value (Ͻ0.05) and fold change (Ͼ1.5). Note that the values of gender-linked genes are indicated with boldface as male-female split happened by chance across control and Prox1 loss-of-function brains.
To better visualize the morphologies of EGFP-labeled interneurons with immunohistochemistry, 100 m cryosections were generated and, by using the confocal microscope LSM 510 (Carl Zeiss), images were captured every 4 m of optical distance and a stacked view was made typically by combining three to four images.
After the electrophysiological recordings, post hoc immunohistochemistry was performed on 250-m-thick vibratome sections. Sections were fixed for 2 h on ice with 4% formaldehyde containing PBS, and after 30 min of multiple PBS rinses, incubated for two or three overnights at 4°C with selected antibodies. We found that the fixation time is critical, especially for VIP immunohistochemistry. Sections were washed in PBS typically from the morning to the late afternoon and incubated at 4°C overnight with donkey secondary antibodies (The Jackson Laboratory) together with Alexa 488-conjugated streptavidin (1:1000; Invitrogen, #S-11223). Later, sections were rinsed with PBS and submerged in DAPI solution for 30 min and after multiple washes with PBS mounted and coverslipped on a slide glass with a lid with two layers of electrical tape. See details for the general immunohistochemistry procedure in the above section.
Marker and layer analysis of cortical interneuron distribution. For the P21 analysis of Dlx6a-Cre control and Prox1 loss-of-function interneurons, pictures were taken from six representative hemispheric fields per brain for SST/RELN/EGFP/DAPI and CR/VIP/EGFP/DAPI-labeled sections. Image acquisition was performed in the somatosensory barrel field with a 10ϫ lens and two pictures were combined to cover the cortical layers from I to VI. By using Adobe Photoshop, DAPI was placed in a different picture layer, layer borders of the cortex were drawn using the pen tool based on the DAPI signal, and then the DAPI picture layer was made invisible. The cell numbers were determined for each specific labeling (e.g., SSTϪ/RELNϩ/EGFPϩ, SSTϩ/RELNϩ/EGFPϪ) in cortical layers I, II/III, IV, V, and VI. At the end of the cell counting, two lines were drawn following the superficial edge of the cortex and the bottom of layer VI and total pixel numbers between these two lines were analyzed and then converted to the surface area for 2.4 M pixels ϭ 1 mm 2 . Marker profiles (cell numbers for each layer) were converted to cell density (cells/1 mm 2 ) for each section, and the values from the six fields from each brain sample were averaged per brain and final results were shown as the average Ϯ SEM from three brains for each marker analysis. For the analysis of PV expression, since we found no overlap between PV and EGFP in both control and Prox1 loss-of-function brains, we simply counted the total numbers of PV-positive cells within the six fields, calculated the cell density, and averaged for three brains. For the P7 analysis, the profile for CR/VIP/EGFP/DAPI was analyzed. Similar analyses were performed for the images obtained from the experiments using the Htr3ABAC-Cre and Vip-Cre driver lines to remove Prox1.
Electrophysiology and data analysis. Whole-cell patch-clamp electrophysiological recordings were performed on randomly selected cells located in neocortical layers I-III labeled with EGFP in acute brain slices prepared from control and Prox1 loss-of-function (Dlx6a-Cre; Prox1-C: EGFP/ϩ and /F ) P16 -P20 animals. Briefly, animals were decapitated and the brain was dissected out and transferred to physiological Ringer's solution (ACSF) in 4°C with the following composition (mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , and 20 glucose. The brain was then glue fixed to a stage and 250 m slices were cut using a vibratome (Vibratome 3000 EP). The slices were allowed to recover in recording ACSF at room temperature for at least 45 min before recording. Acute slices were then placed in a recording chamber mounted on the stage of an upright microscope (Axio Scope; Zeiss) equipped with immersion differential interference contrast objectives (5ϫ and 40ϫ) coupled to an infrared camera system (Zeiss), perfused at a rate of 1-2 ml/min with oxygenated recording ACSF, and maintained at a temperature of 31°C. An EGFP filter was used to visualize the interneurons in epifluorescence.
Patch electrodes were made from borosilicate glass (Harvard Apparatus) and had a resistance of 4 -8 M⍀. For both intrinsic electrophysiological properties and sEPSC recordings the patch pipettes were filled with a solution containing the following (in mM): 128 K-gluconate, 4 NaCl, 0.3 Na-GTP, 5 Mg-ATP, 0.0001 CaCl 2 , and 10 HEPES.
Experiments were performed in current-clamp and voltage-clamp mode using the Axopatch 200B amplifier (Molecular Devices). sEPSCs were recorded at V h ϭ Ϫ70 mV with a sampling rate of 10 kHz and were filtered on-line at 3 kHz. The recorded sEPSCs were analyzed using Mini Analysis software (Synaptosoft). The synaptic values were obtained for the average trace after visual inspection of individual events. The decay time was calculated by fitting the average trace with a single exponential. Access resistance was always monitored to ensure the stability of recording conditions. Cells were only accepted for analysis if the initial series resistance was Ͻ40 M⍀ and did not change by Ͼ20% throughout the recording period. No compensation was made for access resistance and no correction was made for the junction potential between the pipette and the ACSF.
Passive and active membrane properties were recorded in currentclamp mode by applying a series of subthreshold and suprathreshold current steps and the analysis was done in Clampfit. The resting membrane potential (V rest ) was ascertained in current-clamp right after rupturing the patch by applying zero current. All values presented are average Ϯ SEM.
Results

Within cortical interneuron lineages, Prox1 expression is selectively maintained in CGE-derived subtypes
During the development of GABAergic cortical interneuron populations, a sequential transcriptional cascade of Nkx2-1-Lhx6-Sox6/SatB1 expression has been established as critical for the specification, migration, and maturation of MGE-derived lineages (Sussel et al., 1999; Liodis et al., 2007; Butt et al., 2008; Du et al., 2008; Zhao et al., 2008; Azim et al., 2009; Batista-Brito et al., 2009; Balamotis et al., 2012; Close et al., 2012; Narboux-Nême et al., 2012) . However, aside from transcription factors, Dlx, Arx, and CoupTF, which participate in the early development of both MGE and CGE cortical interneuron subtypes (Cobos et al., 2005b; Colasante et al., 2008; Friocourt et al., 2008; Kanatani et al., 2008; Lodato et al., 2011) , a distinct genetic cascade that regulates CGE-derived cortical interneuron development has not yet been characterized.
To identify genes specifically enriched in CGE-derived interneurons, we performed a comparative gene expression analysis using oligonucleotide microarrays on RNA extracted from EGFP-labeled interneuron precursors derived from the CGE or the MGE that were FACS purified from the E18.5 cortex (Tables  1 and 2 ). Selective labeling of CGE-derived or MGE-derived cortical interneuron precursors was achieved through use of the Mash1BAC-CreER Miyoshi et al., 2010) or Nkx2-1BAC-Cre (Xu et al., 2008) driver lines, respectively. This analysis revealed that the expression of Prox1 is highly enriched (ϫ12.4; Table 1) within CGE-derived versus MGE-derived cortical interneurons at E18.5. Prox1 is a mammalian homolog of Prospero, which determines cell fate through its asymmetric localization in dividing neuroblasts within the fruit fly larva (Choksi et al., 2006; Doe, 2008) as well as in photoreceptor progenitors (Cook et al., 2003) . Similarly, in the hippocampus, Prox1 has been shown to play important roles in cell proliferation (Kaltezioti et al., 2010; Lavado et al., 2010) and fate determination (Iwano et al., 2012) . Since Prox1 is further demonstrated to be essential for the development of horizontal cells, which are the interneurons of the retinal circuit (Dyer et al., 2003) , we hypothesized that it plays important roles in the GABAergic local interneurons within the cerebral cortex.
We next characterized the expression of Prox1 within the developing telencephalon using immunohistochemistry. At E10.5, Prox1 is expressed in the subventricular zones of the MGE (defined by Nkx2-1 expression), lateral GE (LGE), and CGE ( Fig.  1 A, B ; Lavado and Oliver, 2007) . This is consistent with the pre-vious finding that Prox1 transcription is induced by Ascl1 (Mash1), a proneural factor expressed within all three ganglionic eminences (Torii et al., 1999). By E14.5, Prox1 expression is increased in the subventricular zone of the CGE (Fig. 1C,D ) and in addition, is observed within the cortex and is restricted primarily to GABAergic interneuron populations, as indicated by Dlx5/6 lineage fate mapping  Fig. 1DЈ ; Prox1 is transiently expressed in Cajal-Retzius cells but shuts off by birth; data not shown). This timing coincides with the arrival of the earliest cohort of CGE-derived interneurons into the cortex (Mi- yoshi et al., 2010), several days after MGE-derived interneurons begin to populate this structure Fogarty et al., 2007; Miyoshi et al., 2007; Xu et al., 2008) . At E16.5, we observed that Prox1-positive GABAergic cells (Fig. 1E ) coexpressed Sp8 (Fig. 1EЈ) , a transcription factor selectively expressed in CGE-derived but not MGE-derived or POA-derived lineages ). To further demonstrate that Prox1 is selectively expressed within CGE-derived lineages, we generated a BAC transgenic Cre driver by using cis-regulatory elements of Htr3A gene (Htr3ABAC-Cre, GENSAT, also ϫ11.8 enriched in CGE lineages; Table 1 ) and combined this with Dlx5/6-Flpe and a dual EGFP reporter (RCE:dual ) to label CGE-derived interneuron precursors. We found that Prox1 is expressed in the CGEderived interneuron precursors labeled with the Htr3ABAC-Cre driver within the E16.5 cortex (data not shown). Consistent with these results, we did not observe Prox1 expression in immature MGE-derived interneurons labeled with EGFP by using an intersectional genetic approach (Dymecki and Kim, 2007) that combined Lhx6BAC-Cre (Fogarty et al., 2007) and Dlx5/6-Flpe drivers with the RCE:dual reporter at E16.5 ( Fig. 1 F, FЈ) . Interestingly, Prox1 regulation within MGE-derived cells is lineage specific in that it entirely shuts off in cortical interneuron and globus pallidus populations ( Fig. 1F ; Flandin et al., 2010; Nó bregaPereira et al., 2010) , but remains expressed in some striatal interneurons ( Fig. 1F ; Rubin and Kessaris, 2013). We then analyzed the expression profile of Prox1 in the P21 neocortex. Using immunohistochemistry, we observed that while a substantial number of cells were found to express Prox1, it was still completely excluded from MGE-derived interneurons (Fig.  1G-GЉ) . To further analyze which specific subtypes of CGEderived interneurons express Prox1, we took advantage of a conditional Prox1 allele (Prox1-C:EGFP), which expresses EGFP under the control of the endogenous Prox1 locus following Cremediated recombination (Iwano et al., 2012) . We combined this line with a forebrain pan-GABAergic Dlx6a-Cre driver (Monory et al., 2006) to analyze the morphologies and molecular markers of Prox1-expressing cortical interneurons labeled with EGFP (Dlx6a-Cre; Prox1-C:EGFP/ϩ). Within the P21 cortex, Prox1 was detectable in most (84.3%) of the RELN-expressing (without SST) cells (Fig. 1H ) , although its expression levels in this population were somewhat variable (Fig. 1H, solid arrowheads) . Prox1 was also expressed in almost all (98.6%) of the VIP-positive cells (Fig. 1 I, J ) at P21 (Fig. 1K ) . Conversely, the large majority of Prox1-positive interneurons expressed either VIP or RELN, and only 7.7% were negative for both markers (Fig. 1K ) . These results are consistent with the previous finding that Prox1 is expressed in CGE-derived interneuron subtypes (Rubin and Kessaris, 2013) . We conclude that, while Prox1 is uniformly expressed in the subventricular zones of the ganglionic eminences, within cortical interneuron lineages it is selectively maintained within CGEderived subtypes into adulthood (Fig. 1K ) .
Prox1 promotes the migration of CGE-derived interneuron precursors into superficial cortical layers
To test the role of Prox1 in CGE-derived interneurons, we used an additional conditional Prox1 loss-of-function allele to generate Prox1-null cells at distinct developmental stages. In this conditional loss-of-function allele (Prox1-F ), exons 2 and 3 that encode the homeodomain of Prox1 are flanked by loxP sites (Harvey et al., 2005; Lavado et al., 2010) , such that Prox1 expression is ablated following Cre-mediated recombination. We combined this allele to the conditional Prox1-C:EGFP line (Fig.  1H-J ) , in which the entire coding region of Prox1 is flanked by loxP sites, such that recombination results in a null allele in addition to EGFP expression in Prox1-expressing cells. We combined both Prox1 conditional alleles with a Dlx6a-Cre driver line (Monory et al., 2006) , which allowed us to remove Prox1 from the entire telencephalic GABAergic population as these cells transit through the subventricular zone. Using EGFP as a marker, we identified the Prox1-expressing population and compared the behavior of control (heterozygous: Prox1-C: EGFP/ϩ) versus Prox1 loss-of-function (null: Prox1-C:EGFP/F) cells (Fig. 2) .
As we have previously shown, CGE-derived interneuron precursors are first observed migrating tangentially through the intermediate zone of the cortex at ϳE14.5 . At this stage, both control and Prox1 loss-of-function CGE-derived interneuron precursors exhibited comparable migration patterns within the cortex (Fig. 3 A, B) . This suggests that Prox1 loss-of-function does not delay the initiation of tangential migration into the cortex. By E16.5, in the control cortex, we observed an increase in the number of cells in the cortical marginal zone and within the developing cortical plate ( Fig. 2A) , consistent with previous analyses Rubin et al., 2010) . In contrast, fewer Prox1-null cells had migrated into the marginal zone and cortical plate, although the intermediate and subventricular zone populations were similar to controls (Fig. 2 B, C) . Two days later, at E18.5, in addition to the reduction of labeled cells located in the marginal zone and cortical plate, we observed an accumulation of Prox1-null cells in the intermediate and subventricular zones (Fig. 2D-F ) . This indicates that Prox1 is required for the transition of CGE-derived interneuron precursors from the tangential migration stream into the cortical plate.
Next, we analyzed how the abnormal migration pattern we observed in Prox1-null cells during embryonic stages ultimately impacts their localization within the postnatal cortex. We compared the laminar distribution of EGFP(Prox1)-labeled control and Prox1-null cells at P7 (Fig. 2G,H ) , a stage at which most GABAergic interneurons have completed their migration within the cortex (Miyoshi and Fishell, 2011; Inamura et al., 2012) . In the Prox1 loss-of-function animals, we observed a marked reduction in EGFP-labeled cell numbers in layers I (47.9%) and II/III (64.5%) with a corresponding increase in layers V/VI (148.7%) compared with controls (Fig. 2I ) . This indicates that CGEderived interneurons lacking Prox1 function were displaced ectopically within deeper layers. Furthermore, while many EGFP-labeled control cells exhibited vertically oriented processes in the superficial layers (Fig. 2G) , these morphologies were not similarly evident in Prox1 loss-of-function cells (Fig. 2H ) .
Loss of Prox1 results in dysregulation of relatively few genes within CGE-derived interneuron precursors
We next examined whether Prox1 was required for the expression of the candidate CGE transcription factors CoupTFII (Tripodi et al., 2004; Kanatani et al., 2008; Miyoshi et al., 2010; and Sp8 (Waclaw et al., 2006; but found no differences between control and loss-of-function cortices (Fig.  3C-F ) . Thus to uncover the molecular mechanisms underlying the impaired transition of Prox1 loss-of-function cells from the intermediate to marginal zone, we performed an unbiased microarray expression analysis comparing EGFP-labeled control versus Prox1 loss-of-function interneurons that were FACS purified from the E18.5 cortex. Somewhat surprisingly, we observed significant changes in only a small number of genes (79 genes including 46 upregulated and 33 downregulated genes, fold While we found no delay in the initiation of tangential migration from the CGE into the cortex of Prox1 loss-of-function at E14.5 (Fig. 3 A, B) , by E16.5, we observed a decrease in change Ͼ 1.5, p value Ͻ0.05; data not shown), including downregulation of Vip (ϫ14.15), Cck (ϫ3.22), and Calb2 (Calretinin, ϫ1.79), markers that are expressed within mature CGE-derived interneuron subtypes (Table 3) .
Previous work has shown that Dlx1/2 activity induces the expression of the transcription factor Arx (Cobos et al., 2005a; Colasante et al., 2008) , promoting migration by suppressing neurite growth mediated by Pak3, a p21-activated serine/ threonine kinase that acts as a downstream effector of the Rho family of GTPases (Cobos et al., 2007) . However, in our microarray analysis comparing gene expression levels in control versus Prox1 loss-of-function cells, we did not reveal any measurable change in Pak3, Arx, or any of the Dlx-gene family members (data not shown). These data strongly suggest that the migration of CGE-derived interneuron precursors is independently regulated by the Dlx1/2 and Prox1 transcription factors.
Subtype-specific requirement for Prox1 in the differentiation of CGE-derived cortical interneurons
To further characterize the later effects of Prox1 loss-of-function on CGE-derived interneuron subtypes following their differentiation, we analyzed control and conditional (Dlx6a-Cre) Prox1 loss-offunction cells at P21, when interneurons have acquired their characteristic molecular markers and intrinsic electrophysiological properties. Consistent with what we have observed at P7, we found that the abnormalities in the layer distribution of EGFP-labeled cells persisted at P21, with a decrease in layers I-IV and increase in layer VI in the mutant (Fig. 4I ) . The total number of EGFP-expressing Prox1 cells in mutants compared with controls was reduced at P7 (82.8% of control numbers) and further decreased by P21 (74.6% of control numbers; Fig. 4J ), suggesting that Prox1 is important for the maintenance of CGE-derived cortical interneurons even after they have reached their final laminar locations. Because the Dlx6a-Cre driver removes Prox1 broadly throughout the ventral telencephalic subventricular zones, we tested the specific requirement for Prox1 in CGE-derived interneurons. To do so, we used an Htr3ABAC-Cre driver to remove Prox1 only in the migrating postmitotic interneuron precursors derived from the CGE (Fig. 5) . By combining with a Cre-dependent tdTomato (Ai9: R26R-CAG-loxPstop-tdTomato-WPRE polyA; Madisen et al., 2010) and Prox1-C:EGFP conditional reporter lines, we observed that the Htr3ABAC-Cre driver targets a subpopulation of migrating CGE-derived interneurons expressing Prox1 ( Fig.  5A-C; data not shown). Even though this Htr3ABAC-Cre driver exhibited less efficient recombination compared with the Dlx6a-Cre driver (Figs., 2 A, D, 3A) resulting in a milder While CR/VIP cells were severely reduced in mutants, the total numbers of VIP-single cells was unchanged. Furthermore, the remaining CR/VIP cells in mutants (D, double arrowheads) did not exhibit the characteristic bipolar morphology observed in controls (C). E-H, To better visualize the morphologies in Prox1-null CR/VIP interneurons, stacked views from confocal microscopy images were generated. CR/VIP-expressing cells (double arrowhead and inset) are found with bipolar morphology (E). In contrast, none of the CR/VIP-expressing cells remaining in the Prox1 loss-of-function cortex exhibit typical bipolar morphology (F-H ). The best example of a mutant cell that we found to retain bipolar morphology to some extent is shown in H, but in most cases, obvious processes protruding from the soma could not be found (F, G). I, Layer distribution of EGFP(Prox1)-labeled control (filled bars) and Prox1 loss-of-function (LOF) cells (shaded bars) at P21. At P21, EGFP-labeled Prox1-null cells were displaced within deeper layers of the cortex, similar to the phenotype observed at P7 (Fig. 2I ) . Two-tailed t test: p ϭ 0.0133*(I), p ϭ 0.000380***(II/III), p ϭ 0.00376**(IV), p ϭ 0.463(V), p ϭ 0.0148*(VI). J, Molecular expression profiles of interneurons in the P21 somatosensory barrel cortex for control and Prox1 loss-of-function experiments. The total numbers of PV(Pvalb)-expressing (red) and SST-expressing (orange) interneurons were not altered in the mutant. RELN (SST-negative) cell numbers were reduced to (Figure legend continues.) phenotype, we still observed a similar displacement of EGFPlabeled cells into the deeper cortical layers (Fig. 5D-H ) .
We next compared the molecular expression profiles of interneurons within the P21 cortices of control and Prox1 conditional loss-of-function animals ( Fig. 4A-D) . Within the P21 cortex, we did not observe any obvious changes in the distribution and numbers of PV-expressing and SSTexpressing cells (Fig. 4 A, B , red and orange bar graphs in J ), indicating that Prox1 expression within the MGE subventricular zone is not required for the development of MGE-derived cortical interneurons.
CGE-derived interneurons can be divided into three broad classes based on their molecular expression profiles ( Fig. 1K ; Miyoshi et al., 2010) of RELN (SST negative), CR/VIP double, and VIP single (CR negative). In the cortices of conditional Prox1 loss-of-function animals, the total number of RELN-expressing (without SST) cells, a population that is largely comprised by neurogliaform and dense plexus morphologies ; Fig. 4 A, B) , was reduced to 42% of control numbers (Fig. 4J , dark blue bars). The loss of RELN-expressing (SST-negative) cells was particularly prominent in layers I-IV (Fig. 4K, top) . Interestingly, loss of RELN-expressing cells was also observed in the Prox1-negative population (Fig. 4K, gray bars) . This suggests the ϳ15% of the RELN-positive population that does not express Prox1 in the P21 cortex (Figs. 1H, 4A , open arrowhead) likely still required this gene earlier during development.
We next examined the remaining two broad classes of CGEderived interneurons, CR/VIP coexpressing and VIP-single (CRnegative) populations, both of which exhibit primarily bipolar/ bitufted morphologies (Fig. 4C-H ) . Strikingly, the CR/VIP double-positive population was severely reduced across all cortical layers in the mutants (Fig. 4K, middle) to 16% of control numbers (Fig. 4J ) . Furthermore, the very few CR/VIP doublepositive cells that remained lacked their characteristic bipolar morphology (Fig. 4C,D, insets; E-H, confocal stack images). Late embryonic removal of Prox1 with the CGE-specific driver Htr3ABAC-Cre also resulted in a decrease in CR/VIP cells (Fig.  5I ) , although the effect was less pronounced than that observed with the early embryonic Dlx6a-Cre driver, consistent with the milder layer displacement of Htr3ABAC-Cre Prox1-null cells (Fig. 5H ). In addition, not all of the CR/VIP-expressing Prox1-null cells lost the bipolar morphologies in this late embryonic removal (Fig. 5G,GЈ) . Regarding the VIP-single cells, although we did not observe any obvious change in the total number of cells (Fig. 4J ) , following the general trend of deep layer displacement observed in the Prox1 loss-of-function population (Fig. 4I ), they were decreased in the superficial (I-III) and correspondingly increased in the deep (IV-VI) cortical layers (Fig. 4K, bottom) .
To further characterize the requirement of Prox1 in the differentiation of CGE-derived interneurons, we performed whole-cell patch-clamp recordings from EGFP-positive cells in acute brain slices (P16 -P20) and analyzed their intrinsic electrophysiological properties. While we excluded the residual CR/VIP interneurons from our analysis due to severity of the null phenotype in these cells (Fig. 4F-H ) , all of the Prox1 loss-of-function cells we recorded in the superficial layers (I-III; 24 cells) exhibited normal resting membrane potential, displayed overshooting action potentials (APs), and could sustain high-frequency AP discharge (data not shown). Based on their membrane properties and discharge characteristics, we were able to assign the recorded cells to the previously reported CGE-derived subtype categories (Butt et al., 2005; Miyoshi et al., 2010) , suggesting that their electrophysiological differentiation is largely unaffected by Prox1 loss of function. From the Prox1 loss-of-function cells recorded in layer I (17 cells), all of which were post hoc identified as RELN positive and VIP negative (Fig. 6 A, B, middle) , we found five late-spiking (LS; Fig. 6B ), five initial-adapting, five type 1 bursting nonadapting, and one delayed intrinsic-bursting interneuron, and one cell that could not be classified. Analysis of LS neurogliaform cells (Chu et al., 2003; Támas et al., 2003; Kubota et al., 2011; DeFelipe et al., 2013; Ma et al., 2014; Pohlkamp et al., 2014) that are one of the most characteristic subtypes residing in layer I and expressing RELN did not reveal any differences across a variety of intrinsic electrophysiological measures when comparing control and Prox1-null cells (Fig. 6 A, B) . From the seven EGFP-positive Prox1 loss-of-function cells recorded in layers II/III, six were post hoc identified as VIP positive and negative for CR (Fig. 6 D, E, middle) . In these cells, we found three irregular-spiking (IS) and two type 3 delayed nonfast spiking (dNFS3) interneurons and one cell that could not be classified . Similar to the RELNpositive classes, VIP-expressing dNFS3 (Fig. 6E ) and IS (data not shown) subtypes appeared to have normal passive and active membrane properties (Fig. 6D) .
We next analyzed the sEPSCs received by control and Prox1-null cells as a measure of their network integration. All cells recorded received sEPSCs, but remarkably, VIP-positive Prox1 loss-of-function cells in layers II/III showed a marked reduction in the number but not the amplitude of these events (Fig. 6 D, E,  bottom, F ) . Since Prox1-null VIP-single cells that were not displaced but were properly located in layers II/III still showed a significant reduction in the sEPSCs they receive (Fig. 6F ) , this interneuron subtype appears to require Prox1 function to properly integrate into the cortical network. In contrast, the Prox1 loss-of-function LS cells received a comparable number of excitatory events with similar amplitude to the control cells (Fig.  6 A, B, bottom, C) . Thus we found a selective decrease in the excitatory drive onto VIP-single but not RELN-expressing populations after the removal of Prox1.
Our early embryonic (Dlx6a-Cre) loss-of-function experiments on forebrain GABAergic interneuron populations demonstrate a subtype-specific requirement for Prox1 within all CGE-derived interneurons. RELN-expressing cells were reduced from the superficial layers by ϳ40%, and CR/VIP doublepositive cells were largely eliminated from the cortex. Moreover, the CR/VIP cells that persisted failed to acquire their characteristic bipolar morphology. Finally, the VIP-single population was displaced into deeper layers, and even properly located cells exhibited a severe reduction in excitatory input. in CGE-derived interneurons shows similar but milder phenotypes compared with pan-GABAergic early embryonic (Dlx6a-Cre) removal. We used the Htr3ABAC-Cre driver to restrict recombination to CGE-derived lineages. This driver recombines the Prox1-C:EGFP allele at somewhat later stages of embryonic cell migration than Dlx6a-Cre (Figs. 2-4 ) in a subpopulation of CGE-derived cells. A-C, Recombination efficiency of the Htr3ABAC-Cre driver was addressed by analyzing crosses with Prox1-C:EGFP/ϩ and Ai9 reporter (R26R-CAG-loxPstop-tdTomato-WPRE polyA) lines in the same animal at E14.5 (A) and E18.5 (B, C). At E14.5, the Htr3ABAC-Cre driver (A) resulted in fewer EGFP-expressing cells within the cortex compared with the Dlx6a-Cre driver (Fig. 3A) . At E18.5, substantial numbers of EGFP-labeled cells were evident in the cortex, although to a lesser extent when compared with the Dlx6a-Cre driver (Fig. 2D) . C, C, A higher magnification view of B also shown for EGFP signals only (C). The Htr3ABAC-Cre driver also targets non-GABAergic populations, most likely the Cajal-Retzius and subplate cells (red without green), in addition to CGE-derived interneuron precursors. D-G, Comparison of control and Prox1 loss-of-function (Htr3ABAC-Cre; Prox1-C:EGFP/ϩ and /F) cells at P21. E, G, Higher magnification of the areas in D and F are presented and EGFP signals are shown in black (E, G). Double arrowheads indicate CR/VIP-expressing cells and single arrowheads indicate VIP-single (CR-negative) cells. In contrast to what we observed in the early embryonic (Dlx6a-Cre) Prox1 loss-of-function study, in the Htr3ABAC-Cre mutant, not all of the remaining CR/VIP cells lost their characteristic bipolar morphologies (G). While the CR/VIP Prox1-null cell in the middle has a round morphology with no obvious processes, the cell at the bottom exhibits a bipolar morphology (G). H, A graph indicating the layering of late embryonic (Htr3ABAC-Cre) Prox1 loss-of-function cells in P21 cortex. Note that the decrease (Layers I-III) and increase (Layers V/VI) found in the EGFP-expressing cells of Prox1 loss-of-function cortex are consistent but milder compared with the results observed from the early embryonic (Dlx6a-Cre) loss-of-function (Fig. 4I) . Two-tailed t test: p ϭ 0.0636(I), p ϭ 0.212(II/III), p ϭ 0.359(IV), p ϭ 0.0412*(V), p ϭ 0.0205*(VI). I, Cell numbers of CR/VIP-expressing and VIP-single populations in the P21 cortex of control and late embryonic Prox1 loss-of-function animals (shaded bars). EGFP(Prox1)-negative populations are shown in gray bars. Consistent with the early embryonic (Dlx6a-Cre) loss-of-function, we also observed a reduction in CR/VIP-expressing cells, with no obvious change in the VIP-single population following late embryonic (Htr3ABAC-Cre) loss-of-function. Note that the recombination mediated by the Htr3ABAC-Cre driver does not take place in all CGE-derived population at P21 in either control or Prox1 loss-of-function animals (gray bars) compared with that observed when the Dlx6a-Cre driver was used (Figs. 1I-K Prox1 has a postnatal role in the maturation of CGE-derived interneurons To distinguish between early and late roles for Prox1 in the development of CGE-derived interneurons (Fig. 1) , we sought to examine the consequences of removing this gene during the postnatal maturation period after CGE-derived interneurons have already settled into their final laminar positions. To achieve this, we focused on the VIP-positive population, which broadly expresses Prox1 (Fig. 1I-K ) and also includes the most severely affected population, the CR/VIP coexpressing subtype.
We first analyzed the timing of Prox1 removal with the Vip-Cre driver line by combining with a Credependent tdTomato reporter line (Ai9) in control (Prox1-C: EGFP/ϩ) and Prox1 loss-of-function (Prox1-C:EGFP/F) experiments. While at ϳE18.5 we found very few cells labeled for EGFP and tdTomato in the developing cortex (data not shown), later by P7, we observed efficient and overlapping recombination in the Prox1-C:EGFP allele and tdTomato reporter in both control (Fig.  7A ) and loss-of-function (Fig. 7B) cortices. Thus the Vip-Cre driver line appeared to be well suited for us to perform postnatal Prox1 loss-of-function experiments. At P7, we observed comparable cell numbers and layer distributions of control and Prox1-null interneurons ( Fig. 7H, top ; total recombined cells in the Prox1 mutant was 97.4% of that in controls). This finding supports the idea that the layer displacement of VIP-single interneurons in the embryonic (Dlx6a-Cre) Prox1 loss-of-function cortex (Figs. 2I, 4I ,K) results from the failure of cells to transit from the intermediate zone into the cortical plate, rather than from impaired radial migration inside the cortical plate that occurs subsequently during the first postnatal week (Miyoshi and Fishell, 2011) . However, by P21 (Fig. 7C-G) , in the Prox1 loss-of-function mutant we observed a progressive decrease in the number of labeled cells specifically in layers II/III (Fig.  7H, bottom) . This indicates that sustained Prox1 expression enhances the survival of Vip-Cre-labeled interneurons during the postnatal period between P7 and P21.
Although at P7 the layer distribution of Vip-Cre-labeled cells was not different between the control and conditional Prox1 loss-of-function cells (Fig. 7H ) , we did observe changes in their molecular expression profiles. While approximately half (49.4%) of the Vip-Cre-labeled control population expressed CR at P7, there was a 30% decrease in CR expression in the mutant (33.2 vs 49.4% of total reporter-lableled population in control; Fig. 7I ) . Consistent with the cell loss found between P7 and P21, we observed a further reduction in CR expression in the mutant at P21 ( Fig. 7I ; control: 49.5% and mutant: 27.9% of total labeled cells in control). Furthermore, at this age, we observed morphological defects in the CRexpressing mutant cells that persisted in the adult cortex ( (Fig. 7E-G ,EЈ-GЈ, double arrowheads). We also analyzed the CR-expressing cells that were not labeled by Vip-Cre, the majority of which are derived from the MGE and coexpress SST (Fig. 1K ) , and as expected, they were unaffected in mutant animals at P21 (Fig. 7I, orange  bars) . Regarding the expression of VIP itself as detected by immunohistochemistry, at P7, we did observe a slight delay in the onset of its expression in conditional loss-of-function animals, but this recovered by P21 ( Fig. 7I ; reduction in VIP matches the cell loss at P21 shown in Fig. 7H, bottom) .
From our postnatal (Vip-Cre) loss-of-function analysis, we conclude that Prox1 is necessary in the CR/VIP subclass for the proper morphogenesis, CR expression, and survival of cells after the age of P7.
Prox1 cell-autonomously specifies the CR/VIP subtype of CGE-derived interneurons independent of its role in tangential migration Although Prox1 clearly plays important roles in the postnatal differentiation of CGE-derived interneurons, the phenotypes we observed in the CR/VIP-expressing bipolar interneuron population when Prox1 is removed embryonically (Dlx6a-Cre) versus postnatally (Vip-Cre) are quite distinct.
This raises the possibility that the bipolar subtype is particularly sensitive to its laminar positioning (Figs. 2I, 4I ) . Alternatively, independent of its role in cell migration, Prox1 could directly regulate the genetic program required during embryogenesis for bipolar interneurons to properly differentiate and acquire their characteristic morphologies. To distinguish between these possibilities, we dissected out the CGE from control or Prox1 loss-of-function (Dlx6a-Cre; Prox1-C:EGFP/ϩ or /F ) embryos at E14.5. We then dissociated and transplanted these cells into wild-type postnatal cortices (P3) and analyzed later at P21 (Fig. 8A ). This heterochronic transplantation approach allowed us to bypass the tangential migratory phase of CGE-derived interneuron precursors and to directly test the ability of mutant cells to differentiate within the postnatal cortex. Similar experiments using MGE-derived interneuron precursors have shown that these neurons can properly mature and integrate within the network (Martínez-Cerdeno et al., 2010) when they are heterochronically transplanted into the postnatal cortex (Wonders et al., 2008; Southwell et al., 2010; Inan et al., 2012) .
In our control transplantation experiments, we observed EGFP-labeled cells that express VIP-single (without CR; Fig. 8B ) or both CR and VIP (Fig. 8C,D) in a proportion similar to those observed in control brains where cells have tangentially migrated from the CGE into the cortex (Fig. 8I , compare the control bars; data without transplantation is shown in proportion from Fig.  4J ). In addition, many of these transplanted control cells acquired bipolar morphologies by P21 (Fig. 8B-D) . This demonstrates that VIP-expressing CGE-derived interneuron subtype can differentiate properly within the developing cortical plate even without following the normal migratory route from the CGE. However, when E14.5 Prox1 loss-of-function cells were transplanted, the proportion of EGFP-labeled cells coexpressing CR and VIP was reduced to one-third of that in controls (Fig. 8I , shaded bar graph, right), and their bipolar morphologies were severely attenuated (Fig. 8G,H ) . These results were comparable to what we observed at P21 in the embryonic Prox1 loss-offunction mutants (Dlx6a-Cre; Prox1-C:EGFP/F; Fig. 8I , compare shaded bar graphs of Prox1 loss-of-function). These results indicate that the severe phenotype in CR/VIP coexpressing bipolar interneurons that we observed in Prox1 embryonic (Dlx6a-Cre) loss-of-function animals was not due to impaired migration and displacement of cells but rather arose directly from an intrinsic requirement for Prox1 function during interneuron specification. Thus we conclude that Prox1 independently regulates both the migration and differentiation of CGE-derived cortical interneuron subtypes in a cell-autonomous manner.
Discussion
Despite the recognition that 30% of all GABAergic cortical interneurons originate from the CGE, to date, a specific transcriptional program that selectively regulates the development of these populations has not yet been identified. Moreover, while CGEderived interneurons display unique patterns of tangential and radial migration and preferentially populate the superficial layers of the cortex, identification of a molecular program that controls 4 (Figure legend continued. ) the similar characteristic bipolar morphologies observed in controls (C, D), but had kinked processes (E-G, double arrowheads). To better visualize cell morphology, EGFP is shown in black to the right of C-G (C-G). H, The laminar distribution of control and postnatal (Vip-Cre) Prox1 loss-of-function cells in the cortex at P7 and P21. While there was no obvious difference between the control and postnatal Prox1 conditional mutant at P7, by P21, cells were specifically reduced in layers II/III of the mutant. EGFP(Prox1) labeling and tdTomato expression (Ai9 reporter) are shown in green and red, respectively, and the overlap is indicated by yellow. Two-tailed t test: p ϭ 0.127, p ϭ 0.620, p ϭ 0.577, p ϭ 0.756(I-V/VI, P7), p ϭ 0.953, p ϭ 0.0301*, p ϭ 0.735, p ϭ 0.467, p ϭ 0.648(I-VI, P21), p ϭ 0.700, p ϭ 0.121(total numbers for P7 and P21). Error bars indicate SEM for total number of recombined cells in each layer. I, CR and VIP expressions were analyzed in postnatal (Vip-Cre) Prox1 conditional mutants (labeled green and/or red) at P7 and P21. Values are shown as the proportion of labeled cells normalized to the total number of control cells at each age. While there was no change in the reporter-positive cell numbers at P7 (H), CR expression was decreased in the mutant compared with control at both ages. VIP expression was delayed in onset (P7) but recovered by P21 (the loss of VIP at P21 matches the cell loss in H, bottom). Reporter-negative CR-expressing cells (orange), most of which are derived from the MGE and coexpress SST, showed no change at P21. Two-tailed t test: p ϭ 0.0143*(CR P7), p ϭ 0.0120*(CR P21), p ϭ 0.383(VIP P7), p ϭ 0.198(VIP P21), p ϭ 0.562(CR, no reporter). Error bars represent SEM. Scale bars: 50 m.
these events is lacking. Here, we demonstrate that the homeodomain transcription factor Prox1, while initially broadly expressed within the ganglionic eminences, becomes restricted to postmitotic CGE-derived cortical interneuron precursors and is selectively maintained within this population into adulthood. Despite its relatively uniform expression within CGE-derived interneurons, Prox1 function is differentially required during both embryonic and postnatal stages of development and within distinct subtypes of CGE-derived interneurons (Fig. 9) . During cell migration, Prox1 regulates the integration of CGE-derived interneurons into the superficial cortical layers by coordinating their transition from the subventricular/intermediate zone stream into the cortical plate. The cortical neurogliaform and dense plexus interneuron populations (RELN-positive) are reduced to 40% without Prox1 function. Furthermore, Prox1 is cell-autonomously required for the morphological development/ maintenance of the CR/VIP-bipolar subtype and proper network integration of VIP-single population. As such, Prox1 is the first transcription factor to be identified that is specifically required for the differentiation, circuit integration, and maintenance of CGE-derived cortical interneurons.
Prox1 is selectively maintained in CGE-derived cortical interneuron lineages
While Prox1 is initially present in the subventricular zones of all ganglionic eminences, its expression is maintained only in CGEderived but not MGE-derived cortical interneuron precursors during their respective migration and maturation. What mediates the selective persistence of Prox1 expression within CGEderived cortical interneurons? It has been recently demonstrated that canonical ␤-catenin (Ctnnb1)-dependent Wnt signaling controls the expression of Prox1 in the pallium. Overexpression of a constitutively active form of ␤-catenin induces Prox1 expression uniformly within pyramidal neurons (Machon et al., 2007; Karalay et al., 2011) . Conversely, perturbation of canonical Wnt signaling by misexpression of dominant-negative Lef1 (Karalay et al., 2011) increased Fgf signaling (Shimogori et al., 2004) or Zeb2 loss-of-function (Miquelajauregui et al., 2007) eliminated Prox1 expression within the dentate gyrus. Nevertheless, neither gainnor loss-of-function manipulation of ␤-catenin activity in the GABAergic population targeted by the Dlx6a-Cre driver altered the pattern of Prox1 expression in MGE-and CGE-derived cortical interneuron precursors at E18.5 (data not shown). As such, to date the only demonstrated role for canonical Wnt signaling in cortical interneuron generation is in the regulation of cell proliferation within the MGE (Gulacsi and . These findings indicate that canonical Wnt signaling does not regulate Prox1 expression within CGE-derived interneurons. In the future, it will be interesting to explore how Prox1 is differentially regulated within the distinct lineages of cortical interneuron precursors.
In addition to the MGE and CGE, the POA has been shown to give rise to cortical GABAergic interneurons Miyoshi et al., 2013) . The POA harbors at least two distinct progenitor domains that can be delineated by Nkx5-1 and Dbx1 expression. POA-derived interneurons originating from an Nkx5-1 lineage have been fate mapped using a Nkx5-1BAC-Cre driver line, and while one-third of this population expresses NPY , none of these interneurons were found to express PV, SST, VIP, or CR (Calb2). Interestingly, Prox1 expression was observed in this POA-derived population (Rubin and Kessaris, 2013) . A second POA-derived interneuron population can be fate mapped using the Dbx1-Cre driver, and this population gives rise to interneuron classes with the molecular profiles including PV, SST, RELN, and VIP (Gelman et al., 2011) . In contrast to the Nkx5-1-expressing POA lineage, Prox1 does not appear to be expressed in the majority of the mature Dbx1-Cre fate-mapped population since Prox1-positive interneurons express neither PV nor SST (Fig. 1K ) . To further test if Prox1 plays any roles in the differentiation and maturation of POA-derived interneurons, it may be interesting to use the Nkx5-1BAC-Cre and Dbx1-Cre lines to remove Prox1 in future studies.
Our findings demonstrate a sustained requirement for Prox1 throughout the development of CGE-derived cortical interneurons. In this regard, Prox1 is similar to Dlx1, which promotes both the embryonic migration of interneuron precursors and the postnatal maintenance of SST-expressing and VIPexpressing interneuron subtypes (Cobos et al., 2005b (Cobos et al., , 2007 . However, our microarray analysis comparing gene expression levels in control versus Prox1 loss-of-function CGE-derived cells purified from the E18.5 cortex (Table 3) did not reveal any measurable change in Dlx-gene family members as well as their known target genes (Pak3 and Arx). We conclude that Dlx1 and Prox1 transcription factors independently promote the migration of CGE-derived interneurons through distinct mechanisms.
Distinct requirements for Prox1 and neuronal activity in the maturation of CGE-derived interneuron subtypes
It has been recently reported that neuronal activity is required for multiple aspects of GABAergic interneuron development Bortone and Polleux, 2009; De Marco García et al., 2011; Inada et al., 2011; Inamura et al., 2012) . Within the CGEderived interneuron populations, suppression of cell activity impairs the migration and morphological development of the RELN-expressing and CR/VIP-expressing subtypes, whereas the VIP-single (CR-negative) class was not affected by this manipulation (De Marco García et al., 2011 , 2015 Karayannis et al., 2012) .
Here, we find that VIP-single (CR-negative) interneurons require Prox1 during embryonic stages for proper laminar positioning and for receiving proper levels of excitatory input, even though these cells exhibit relatively normal morphological development in the absence of Prox1. Since suppression of activity itself does not affect the formation of excitatory inputs onto VIPsingle cells ), Prox1 appears to regulate the circuit integration of this cell type in an activity-independent manner. In contrast, while excitatory inputs onto the RELNexpressing interneuron class were not affected by loss of Prox1, intrinsic activity is required for this cell type to receive inputs with the proper kinetics . Our results support the idea that each of the CGE-derived interneuron subtypes is dependent on fundamentally distinct developmental programs that are driven to different extents by a Prox1-mediated genetic cascade and intrinsic-activity driven programs (West and Greenberg, 2011) . Thus it appears that Prox1 and neuronal activity independently play essential roles in mediating the connectivity of all CGE-derived interneurons in a subtypespecific manner.
In summary, we demonstrate that Prox1 function is required for the laminar positioning and development of all CGE-derived cortical interneurons (Fig. 9) . Clearly, however, its actions in directing the development of CGE-derived interneurons are both stage and subtype specific. As such, it will be interesting in future studies to identify the molecular partners that work both in concert and in parallel with Prox1 to confer distinct CGE-derived interneuron properties. 
